The hyperpolarization-activated current I h that is generated by hyperpolarization-activated cyclic nucleotide-gated channels (HCNs) plays a key role in the control of pacemaker activity in sinoatrial node cells of the heart. By contrast, it is unclear whether I h is also relevant for normal function of cardiac ventricles.
H yperpolarization-activated cyclic nucleotide-gated channels (HCNs) are widely expressed in neurons and heart cells. The current produced by these channels, termed I h , plays a fundamental role in controlling excitability and other electric properties of cells. 1, 2 The HCN channel family comprises four members (HCN1 through HCN4). [3] [4] [5] All four isoforms have been identified in the heart. The physiological relevance of cardiac HCN channel expression has been determined for the HCN2 and HCN4 isoforms by analyzing genetic mouse models. 6 -9 There is also initial evidence suggesting a cardiac function of HCN1. Genetic and functional studies strongly indicate that I h carried by HCN4 plays a key role in the generation and autonomous regulation of pacemaker activity in sinoatrial pacemaker cells 6,8,10 -13 and the AV node of mammals, including humans. 14, 15 HCN2 and HCN1 are expressed at substantially lower levels in the conduction system, but also clearly contribute to the generation of pacemaker potentials.
In contrast to the well-defined role of HCN channels in the cardiac conduction system, the physiological significance of these channels in healthy cardiac ventricle is currently unknown. There are only a few studies dealing with the ventricular function of I h . 3, 16 Most of the work was performed in rat models for ventricular hypertrophy and heart failure. Both conditions lead to an upregulation of ventricular I h . 16 -19 It has been suggested that I h upregulation in the ventricle contributes to spontaneous cellular activity and is implicated in ventricular arrhythmia and sudden cardiac death. 20 An unsolved issue in the HCN channel field refers to the physiological role of the HCN3 channel. Although this channel has been cloned together with the other three HCN channel types in the late 1990s, only very few studies of this channel have been performed since then. So far, only three groups succeeded in expressing HCN3 in heterologous systems. [21] [22] [23] Moreover, unlike for HCN1, HCN2, and HCN4, a murine knockout model is not yet available for this channel. We became interested in HCN3 because our previous work indicated that this channel is present in murine ventricle, suggesting that it may also be relevant for cardiac function. 22 To further address this question, we disrupted the HCN3 gene in mice. Here, we show that HCN3-deficient mice display normal cardiac pacemaker activity. By contrast, these mice have a specific defect in the repolarization of the ventricular action potential (AP) that gives rise to a pathological alteration of the ECG, including an increase in T-wave amplitude and QT duration. Electrophysiological measurements indicate that HCN3 provides a background conductance in cardiac myoyctes that regulates the resting membrane potential and controls the kinetics of repolarization. In conclusion, our study sheds new light on the function of I h in nondiseased ventricle and also identifies the specific role HCN3 plays in this context.
Materials and Methods

The HCN3
Ϫ/Ϫ mice were generated using a typical gene targeting approach. For this study, all experiments were performed on global HCN3 Ϫ/Ϫ mice and their wild-type littermates on a mixed C57BL6/ SV129 genetic background. Reverse-transcription polymerase chain reaction, Western blots, immunohistochemistry, telemetric ECG recordings, preparation of cardiomyocytes, and electrophysiological recordings were performed. All substances used were of the highest purity available. The HCN3-specific antibody used in this study has been described previously. 22 Data were subjected to statistical analysis using Origin6.1 software (Microcal). An expanded Methods section is available in the Online Data Supplement (available at http://circres.ahajournals.org).
Results
Generation of HCN3-Deficient Mice
We globally disrupted the HCN3 locus through homologous recombination by a Cre/loxP-based deletion of exon 2, which encodes the first four transmembrane helices of the channel ( Figure 1A ). HCN3-deficient mice (HCN3 Ϫ/Ϫ ) were born at the expected Mendelian ratio, were fertile, and showed no immediately visible behavioral and physical abnormalities. The deletion of the HCN3 gene was confirmed at the level of genomic DNA by Southern blot analysis ( Figure 1B ), and on the protein level using an antibody raised against the C-terminus of HCN3 ( Figure 1C ). 22 Reverse-transcription polymerase chain reaction revealed that HCN3 is expressed in both cardiac atrium and ventricle, whereas it is absent from sinoatrial node tissue ( Figure 1D ). In agreement with the reverse-transcription polymerase chain reaction, low levels of HCN3 protein could be detected using immunohistochemistry in ventricular sections of wild-type mice, whereas the protein was totally absent in the HCN3 Ϫ/Ϫ mice ( Figure 1E ). On gross examination, there was no difference between the hearts isolated from wild-type and HCN3
Ϫ/Ϫ mice. Moreover, sections of hearts prepared from wild-type and HCN3
Ϫ/Ϫ mice were indistinguishable ( Figure 1F ). In particular, there was no evidence for structural changes, such as fibrosis or myofibrillar disarray ( Figure 1G ).
Deletion of HCN3 Affects the ECG and the Epicardial AP
To determine whether the deletion of HCN3 affected the electric activity of the heart, we recorded in vivo telemetric ECGs from free-moving wild-type and HCN3
Ϫ/Ϫ mice (Figure 2 ). In continuous measurements over the course of 2 weeks, HCN3
Ϫ/Ϫ mice revealed a regular sinus rhythm with no evidence for spontaneous arrhythmias (Figure 2A ). The mean heart rate also was not different between both genotypes (532Ϯ10 bpm, nϭ9 in HCN3 Ϫ/Ϫ mice; 534Ϯ9 bpm, nϭ9 in wild-type mice). To directly compare heart ratedependent ECG parameters, we analyzed the ECG during episodes of a defined high (600Ϯ10 bpm) and low mean heart rate (460Ϯ12 bpm). At high heart rates, the ECG pattern of the mice was completely normal, including a normal QT interval ( Figure 2B, C) . By contrast, at the lower heart rates a slight prolongation of the QT interval (12%; nϭ9) and the T peak -T end interval (15%; nϭ9) was observed in HCN3 Ϫ/Ϫ compared to wild-type mice ( Figure 2D ). In contrast to the rather small difference in QT and T peak -T end intervals, deletion of HCN3 induced a pronounced change in T-wave morphology at low heart rates ( Figure 2E, F) . Notably, the T-wave amplitude was increased by 63.5% in HCN3 Ϫ/Ϫ mice as compared to wild-type mice (nϭ9 in each group; Figure 2E , F). Like for the QT interval, the difference in the T-wave amplitude disappeared at high heart rates, although there was a trend for a slight increase in the HCN3 Ϫ/Ϫ mice ( Figure 2F ). Because the T-wave reflects ventricular repolarization, 24 our findings suggested that HCN3 may be involved in this process.
Ventricular repolarization proceeds in a synchronized wave advancing from the base of the heart to its apex and from epicardial to endocardial myocardium. The orderly sequence of repolarization is largely caused by transmural repolarization gradients that arise because the endocardial myocytes have longer AP durations than epicardial myocytes ( Figure 3A) . 25 Thus, the T-wave is generated when endocardial and epicardial APs start to separate from each other during repolarization. To study a potential involvement of HCN3 in this process, we first developed a protocol to isolate endocardial and epicardial myocyctes from adult murine heart. Epicardial cells displayed profoundly higher densities of the I to potassium current than endocardial cells, which are in Having validated the cell isolation procedure, we recorded APs of the two types of cardiomyocytes using the whole-cell patch clamp method ( Figure 3 ). In endocardial myocytes, there was no difference between the AP parameters of HCN3 Ϫ/Ϫ and wild-type mice ( Figure 3C , E). By contrast, the epicardial myocyte AP of HCN3 Ϫ/Ϫ mice was consistently shorter than that of wild-type mice ( Figure 3D, F) . The shortening of APs in HCN3 Ϫ/Ϫ mice was caused by changes during late repolarization (APD75 and APD90), whereas the early repolarization was unchanged (APD10 and APD25; Figure 3F ). The resting membrane potential in HCN3 Ϫ/Ϫ mice was slightly shifted to a more hyperpolarized potential as compared to wild-type mice (knockout: Ϫ86.86Ϯ0.57 mV; nϭ17; wild-type: Ϫ84.80Ϯ0.59 mV; nϭ8; Pϭ0.036).
HCN3 Forms Background Channels in Ventricular Myocytes
How might the loss of HCN3 lead to the shortening of epicardial APs? To address this question, we measured I h in epicardial cardiomyocytes of wild-type and HCN3 Ϫ/Ϫ mice. At 25 mmol/L extracellular K ϩ , an I h displaying small amplitudes could be readily detected (Supplementary Figure  I , available at http://circres.ahajournals.org). To allow detailed electrophysiological analysis of ventricular I h , we increased the K ϩ concentration in the extracellular solution to 100 mmol/L. Under this ionic condition, robust I h could be easily detected in both wild-type and knockout cells ( Figure  4 ). The epicardial I h activated on hyperpolarizing voltage steps with sigmoidal kinetics did not inactivate and was blocked by 2 mmol/L Cs ϩ ( Figure 4A , B). Importantly, in HCN3 Ϫ/Ϫ mice the I h density was reduced by approximately 30% (1.13Ϯ0.15 pA/pF; nϭ28) as compared to wild-type mice (1.59Ϯ0.15 pA/pF; nϭ44; Figure 4C ). The remaining I h in HCN3 Ϫ/Ϫ mice ( Figure 4B , C) was most likely carried by HCN1, HCN2, and HCN4, because these subtypes are expressed together with HCN3 in the ventricular muscle ( Figure  4E ). The half maximal activation voltage (V 0.5 ) of I h was slightly more negative in wild-type compared to HCN3 Figure 4D ).
The relatively negative values of V 0.5 obtained in epicardial cardiomyocytes may be caused by the high extracellular K ϩ concentration. High K ϩ concentrations have been proposed to induce a hyperpolarizing shift of the activation curve of HCN channels. 26 To clarify this issue, we investigated I h currents in HEK293 cell lines expressing high levels of HCN1, HCN2, HCN3, or HCN4. Increasing the extracellular 
K
ϩ concentration from 5 mmol/L to 100 mmol/L led to a pronounced increase in current densities ( Figure 5A, B) . Importantly, at physiological K ϩ levels (5 mmol/L) the steady-state activation curve of HCN3 was significantly more positive than at high K ϩ concentrations ( Figure 5C, D) . A similar correlation between V 0.5 values and extracellular K ϩ concentration was observed for HCN1, HCN2, and HCN4, respectively. Analysis of the HCN3 activation curve indicated that a substantial fraction of these channels (Ϸ25%-30%) is open at the resting membrane potential (Ϫ85 mV) of cardiomyocytes (red box in Figure 5C ). This observation is in good agreement with the finding that resting membrane potential is somewhat more negative in HCN3 Ϫ/Ϫ mice as compared to wild-type mice. We next determined the reversal potential of HCN3 by measuring the voltage-dependence of the fully activated channel. At 5 mmol/L extracellular K ϩ , HCN3 currents, like those passed by HCN1, HCN2, and HCN4, reversed at approximately Ϫ35 mV ( Figure 5F ). Thus, at potentials more negative than Ϫ35 mV, which are present for more than 90% of the repolarization phase of the AP, the HCN3 current is depolarizing and, hence, could potentially counteract hyperpolarizing K ϩ currents. However, this scenario is only valid if HCN3 channels do not deactivate during the time course of an AP. To verify this precondition we determined the time course of HCN channel deactivation during 9-second pulses ( Figure 5G, H) . We found that all four Ϫ/Ϫ (white bars) and control mice (black bars) recorded at high heart rates (C) and low heart rates (D). All values are given in ms as meanϮstandard error of the mean. *PϽ0.05; nϭ9 mice in both groups. E, Magnification of the T peak -T end interval of wild-type (black) and HCN3 Ϫ/Ϫ mice (red), indicating an increase in T-wave amplitude. F, Relative T-wave amplitude of wild-type and HCN3
Ϫ/Ϫ mice at low heart rates (460Ϯ12 bpm) and high heart rates (600Ϯ10 bpm). Ϫ/Ϫ mice (red trace). E, AP duration (APD) at 10%, 25%, 50%, 75%, and 90% repolarization (APD10 , APD25, APD50, APD75, and APD90) in endocardial myocytes are indicated for wild-type (black bars; nϭ12) and HCN3 Ϫ/Ϫ mice (white bars; nϭ6). F, APD parameters are shown for epicardial cells of wild-type (black bars; nϭ26) and HCN3 Ϫ/Ϫ mice (white bars; nϭ43). All values are given in ms as meanϮstandard error of the mean. **PϽ0.01; ***PϽ0.005.
HCN channel isoforms deactivate slowly. However, HCN3 displayed by far the slowest deactivation kinetics. We calculated that more than 90% of HCN3-mediated current remains after 1 second ( Figure 5H ). Because HCN3 does not inactivate and displays ultraslow deactivation kinetics that are several orders of magnitudes slower than the durations of the AP and the ECG complex ( Figure 6A ), it is expected to stay open during normal cardiac activity. In conclusion, our data indicate that HCN3 passes approximately 30% of ventricular I h . Because of its nondeactivating nature, this current serves as efficient antagonist of K ϩ currents during late repolarization ( Figure 6A , B). Loss of HCN3 relieves this antagonistic activity and, hence, leads to the shortening of the ventricular AP waveform.
Given the slow deactivation kinetics of all four HCN channel isoforms, we were wondering whether the effect observed in the HCN3 Ϫ/Ϫ mouse is generally valid across the HCN channel family. If so, then we should be able to see similar changes in the AP waveform in epicardial myocytes of other HCN-deficient mice. We decided to perform the experiments using the HCN1 Ϫ/Ϫ mouse because the HCN1 expression is equally low as HCN3 ( Figure 4E ), and because HCN1 channels deactivate only moderately faster than HCN3 and deactivate considerably slower than HCN2. In AP recordings in epicardial myocytes, principally the same AP changes were present in the HCN1 Ϫ/Ϫ mouse as in the HCN3 Ϫ/Ϫ mouse ( Figure 7A , B).
Membrane Resistance Increases During Late Repolarization
The functional impact of individual currents on the time course of the AP critically depends on the time course of the membrane resistance (R m ). To address this important issue, we estimated R m in epicardial ventricular myocytes isolated from wild-type mice at various time points during repolarization by a modified protocol [27] [28] [29] [30] (Supplementary Figure 
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IV, available at http://circres.ahajournals.org). We found that during late repolarization, R m dramatically increases up to 1.8Ϯ0.4 G⍀ (at Ϫ54.1Ϯ2.4 mV; nϭ7), which is more than 40-times higher than during early repolarization (inset, Supplementary Figure IVF ). This observed increase of R m is within the range predicted by modeling studies for murine ventricular myocytes 31 and also matches the R m values experimentally determined for ventricular myocytes of the guinea pig. 32
HCN3 ؊/؊ Mice Do Not Display Compensatory Ion Channel Remodeling
To exclude the possibility that the expression levels of other ion channels or proteins that contribute to AP shaping are altered in response to the global deletion of HCN3, we performed a microarray analysis of epicardial ventricular cardiomyocytes (Supplementary Tables I and II, available at http://circres.ahajournals.org). The data show that the transcripts for the major depolarizing and repolarizing ion channels are unchanged in the HCN3 Ϫ/Ϫ mice. This finding indicates that compensatory remodeling or changes in gene expression profile are not a relevant issue in the HCN3-deficient heart.
In addition to the gene expression data, we performed electrophysiological recordings of the major ionic currents in epicardial ventricular myocytes of wild-type and HCN3 Ϫ/Ϫ mice. We found no differences in current densities of I to , I Na , I Ca , I Kss , and I K1 between the two groups ( Figure 3B 
Discussion
Among the four HCN channel types, HCN3 by far is the least investigated. Although the channel has been detected in neurons and the heart, profound difficulties in functionally expressing this protein in heterologous systems and, in particular, the lack of a genetic mouse model prevented analysis of its physiological significance. In this study, we have generated HCN3-deficient mice to investigate the specific role of this channel in the heart. Unlike the other three HCN channel types, HCN3 was not detectable in SA node, which is consistent with the absence of defects in principal rhythm generation in these mice. By contrast, we identified HCN3 in ventricular muscle and provide clear evidence for an important role of HCN3 channels in the ventricular myocardium. Our data imply that HCN3 contributes to the resting membrane potential and acts as a functional antagonist of hyperpolarizing K ϩ currents in late repolarization. Ϫ/Ϫ mice (red). During late repolarization at membrane potentials negative of Ϫ35 mV, a strong inward driving force drives a depolarizing current through HCN3 channels that prolongs the action potential in the wild-type.
Lack of this current in HCN3
Ϫ/Ϫ mice shortens the action potential. Lack of this activity leads to a shortening of AP duration. This effect was specifically observed in epicardial myocytes, whereas it was absent in endocardial cells. The reason for this cell-type specificity remains to be determined. However, cell-type specificity is probably not caused by differential expression because we can detect HCN3 along with HCN1, HCN2, and HCN4 in epicardial as well as in endocardial myocytes ( Figure 4E ). In a broader context, our finding that HCN3 regulates late repolarization may also relate to other HCN channel types that are expressed together with HCN3 in myocardium and share with this channel some basic electrophysiological properties, particularly slow deactivation kinetics and a reversal potential of approximately Ϫ35 mV. In agreement with this hypothesis, we find that HCN3 passes only approximately 30% of the ventricular I h , suggesting that the residual 70% are evoked by HCN1, HCN2, and HCN4. Moreover, our analysis of the HCN1-deficient epicardial cardiomyocytes revealed a similar shortening of the repolarization phase of the AP as observed for HCN3-deficient myocytes. In conclusion, these findings point to a general role of HCN channels in epicardial repolarization.
There are few points that have to be considered with respect to our model of HCN channels as functional antagonists of repolarizing K ϩ currents. For example, one may argue that it is not the deletion of HCN3 per se but rather compensatory upregulation or downregulation of other ion channels that underlies the shortening of epicardial APs. However, our microarray-based profiling of gene expression pattern in HCN3-deficient cardiomyocytes strongly argues against such an explanation because it does not provide evidence for significant changes in the expression levels of ion channels contributing to cardiac AP. In line with this finding we also found no evidence for changes in major currents such as I Na , I Ca , I to , I Kss , and I K1 , which are involved in cardiac AP formation. Finally, we also found a shortening of epicardial APs in HCN1 Ϫ/Ϫ mice, which further supports our concept of HCN channels as being involved in cardiac repolarization.
The second point refers to the finding that only the late repolarization phase is affected by HCN3 deletion. This observation may be explained by the fact that early repolarization is dominated by large-amplitude I to , which simply may outweigh small-amplitude I h . 33 Moreover, in early repolarization I h is rather hyperpolarizing than depolarizing. By contrast, in late repolarization I to is inactivated and its driving force and open probability have decreased, allowing I h to unfold its full impact. 34 -36 The third issue to consider is the question whether the relatively small current density of the HCN3-mediated current is quantitatively sufficient to explain the shortening of late repolarization in HCN3 Ϫ/Ϫ cardiomyocytes. First, we demonstrate that the HCN1 Ϫ/Ϫ mouse displays the same qualitative change of the late repolarization as the HCN3 Ϫ/Ϫ mouse. Second, under our recording conditions the current amplitude of the HCN3-specific fraction of ventricular I h was approximately 0.5 pA/pF ( Figure 4C ). The actual current density could be substantially higher given that Ba 2ϩ that was present in the bath solution partially blocks I h (up to 50% block of HCN1 and HCN2 for 3 mmol/L Ba 2ϩ ). 37 Moreover, current densities below the detection limit have been reported for ventricular I Ks 38 to be sufficient to modulate ventricular repolarization. As mentioned, small-amplitude I h becomes relevant during late repolarization when I to gets inactivated. We find that the membrane resistance is high in late repolarization. This is in line with experimental studies in larger animals 32 and with simulation experiments in the mouse. 31 Because the membrane resistance during late repolarization is rather high, 31,32,39 -42 it is conceivable that even a small current could have a marked effect on the AP duration. 38,43 I h is constitutively open at the resting membrane potential and during the entire time course of the AP. Thus, I h exerts a cumulative depolarizing effect that significantly prolongs late repolarization when the driving force successively increases.
Finally, it is important to discuss the correlation between the changes in AP repolarization and the ECG wave form in the HCN3 Ϫ/Ϫ mouse. Short differences of transmural AP durations have been shown to generate a voltage gradient that is reflected in the ECG as the T-wave. 25 A preferential shortening of epicardial APs in HCN3
Ϫ/Ϫ mice with unchanged APs in endocardial myocytes increases this difference. The faster repolarization rate in epicardial as compared to endocardial myocytes could explain the markedly increased T-wave amplitude. 24 The mechanism underlying the slight prolongation of the QT interval of HCN3 Ϫ/Ϫ mice is unclear at the moment and remains to be elucidated. It is important to note that this difference was pronounced at low heart rates, whereas it was blunted at high heart rates. This finding simply can be explained by upregulation of I h by cAMP at high heart rates. We find that intracellular cAMP increases I h densities in HCN3 Ϫ/Ϫ mice to nearly the same current level as observed in wild-type mice (wild-type: 1.41Ϯ0.15 pA; nϭ42; HCN3 Ϫ/Ϫ : 1.42Ϯ0.17 pA; nϭ35). This result is similar to the observation that intracellular cAMP increases I h in single sinoatrial node cells of HCN2 Ϫ/Ϫ mice to the same level as in wild-type mice. 7 This observation might point to a universal paradigm in HCN channel physiology that stimulation by cAMP might at least to some extent compensate for differences in HCN current amplitudes.
Repolarization gradients exist in all mammalian species and play a critical role in normal heart function. 25 Both increased and decreased heterogeneity of repolarization result in higher susceptibility to ventricular arrhythmia. 44 We show that I h reduces AP dispersion in wild-type hearts. Deletion of HCN3 leads to an augmented dispersion. The lack of spontaneous arrhythmia in HCN3-deficient mice suggests that the loss of HCN3 alone does not increase the transmural dispersion enough to induce arrhythmia. Future studies will show if deletion of HCN1, HCN2, or HCN4, which together with HCN3 generate ventricular I h , are associated with cardiac arrhythmia through such a mechanism.
The specific role of HCN channels as functional antagonists of late repolarization may also be physiologically important for the human heart function. These channels do not close during the entire AP because AP duration is much shorter than the time required for channel closure. This is also true for the human AP waveform, at least at low heart rates. Human epicardial cells have an AP duration of approximately 250 to 400 ms in isolated cell experiments depending on the Fenske et al HCN3 and Ventricular Repolarizationstimulation frequency. 45, 46 In the intact heart, the APDs are even shorter; 250 to 400 ms is quite short in relation to the extremely slow deactivation of HCN3 at depolarized potentials. After this time, Ͼ90% of the channels are still open ( Figure 5G , H). Given this scenario, it is very likely that in human epicardial myocytes HCN3 (and HCN1) also play an important role for the repolarization process, at least at low heart rates. Furthermore, the role of HCN channels for late repolarization also could be relevant under pathophysiological conditions. There are numerous studies reporting overexpression of HCN channels during ventricular hypertrophy and heart failure. 16 -19 These studies suggest that I h upregulation mainly contributes to spontaneous cellular activity and ectopic rhythm formation. 20 In this context, it is important to note that a marked prolongation of AP duration also was reported in several studies. 47, 48 This prolongation has been attributed to a parallel decrease of repolarizing transient outward current I to . Our study suggests that upregulation of I h also could lead directly to the prolongation of the AP by efficiently antagonizing repolarizing K ϩ currents. 
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Novelty and Significance
What Is Known?
• Hyperpolarization-activated cyclic nucleotide-gated channels (HCN channels) are transmembrane proteins that conduct sodium and potassium ions. The current passed by these channels is called I h or I f .
• In spontaneously beating cells of the sinoatrial node (SAN), I h plays a key role in the generation of the pacemaker potentials. Consequently, I h is a major determinant of cardiac automaticity.
• The HCN channel family comprises four members (HCN1-HCN4) that assemble to homotetrameric and heterotetrameric complexes.
What New Information Does This Article Contribute?
• HCN3 is a component of ventricular I h .
• In ventricular myocytes, HCN3 is constitutively open at resting membrane potential. During the time course of the ventricular action potential (AP), HCN3 channels do not close (deactivate) because these channels display ultraslow deactivation kinetics. HCN3 channels generate a depolarizing current during late repolarization that prolongs the action potential.
Although the function of I h for cardiac pace-making is wellestablished, it was unclear whether I h is also relevant for normal ventricular heart function. To study the role of the HCN3-mediated component of ventricular I h , we generated a HCN3-deficient (HCN3 Ϫ/Ϫ ) mouse line. In telemetric electrocardiographic measurements, these mice displayed a profound increase in the T-wave amplitude at basal heart rate. AP recordings of isolated HCN3 Ϫ/Ϫ ventricular myocytes indicated that this effect was caused by an acceleration of the late repolarization phase in epicardial myocytes. These cells also displayed approximately 30% reduction of total I h . The mRNA levels of other ion channels were not affected, and the major cardiac currents (I Na , I Ca , I to , I Kss , I K1 ) were unchanged. We show that at the resting membrane potential HCN3 channels are open. They display ultraslow deactivation kinetics and, hence, are constitutively open during the time course of ventricular AP. Specifically, HCN3 together with the other cardiac HCN channels generate a depolarizing current during late repolarization that prolongs the ventricular AP. Our study conceptually extends the list of HCN channel functions by demonstrating that these channels not only are relevant for pacemaker function but also are involved in controlling the electric activity of ventricular cardiomyocytes.
1
SUPPLEMENTAL MATERIAL Detailed Methods
Generation of the HCN3-KO mouse
Using a BAC clone (Genome Systems, St. Louis, MO) isolated from a genomic 129/SvJ library, we constructed a targeting vector (see Fig. 1A ) such that exon 2 of the HCN3 gene was flanked in upstream direction by a single loxP site and in the downstream direction by a loxP/neo-tk/loxP cassette. The construct was electroporated into R1 embryonic stem cells, and G418-resistant clones were screened by Southern blot analysis (Fig. 1A, grey broken lines) . Two positive clones were transfected with a Cre-expressing plasmid. Cre-mediated recombination resulted in the deletion of exon 2, causing a frame shift and introducing a stop codon in the fifth codon of exon 3. Correctly targeted clones were injected into C57BL/6N blastocysts, and the resulting chimeric mice were mated with C57BL/6N mice for germ-line transmission. Heterozygous (HCN3 +/-) mice were intercrossed to produce homozygous HCN3-deficient (HCN3 -/-) mice. Transgene determination was done by PCR. The global HCN1 -/-mice were obtained from the Jackson Laboratory and have been described previously 1 .
RT-PCR
Murine poly(A) RNA was isolated using the RNeasy Mini Kit (Qiagen) for brain tissue and the RNeasy Micro Kit for heart tissue, following manufacturer's instruction and subjected to RT-PCR using the SuperScript III-One-Step Kit (Invitrogen) and gene specific primers. Exon spanning primer pairs were used for amplification of HCN channels and GAPDH to preclude amplification of genomic DNA. Primers for HCN3 were GACACCCGCCTCACTGATGGAT (sense) and GTTTCCGCTGCAGTATCGAATTC (antisense). For HCN1, HCN2 and HCN4 previously published primers were used 2 . First strand cDNA was generated for 30 min at 55°C. For the PCR amplification the following conditions were used: 40 cycles (94°C for 30 s, 61°C for 30 s, and 68°C for 30 s) for HCN3 and 21 cycles (94°C for 30 s, 55°C for 30 s, and 68°C for 30 s) for GAPDH. Experimental conditions were optimized for each primer pair. Amplified cDNA was visualized on PAGE gels.
Western blots
Tissue from mouse brain (wild type and HCN3 -/-) was dissected and snap-frozen in liquid nitrogen. Samples were homogenized on dry ice using a mortar and pestle, boiled in lysis buffer (2% SDS, 50 mM Tris, pH 8) for 10 min, and centrifuged (5 min at 16,000 × g) to remove cell debris. Proteins were separated using 7% SDS-PAGE followed by Western blot analysis according to standard procedures. The anti-tubulin antibody (1:400) was purchased from Dianova. A polyclonal rabbit antibody directed against the C-terminal (amino acids 552-779) region of murine HCN3 was generated by immunization (Gramsch Laboratories) as described in 3 . The antibody was preabsorbed against HCN3 -/-brain lysates to reduce unspecific binding and used in a dilution of 1:2000.
Histological analysis
Hearts from 12 week old wild type and HCN3 -/-mice were removed and fixed in 4% paraformaldehyde overnight at 4°C, dehydrated in a graded alcohol series, and embedded in paraffin. 6 µm paraffin sections were stained with H&E according to standard protocols.
Immunohistochemistry
Hearts from 12 week old wild type and HCN3 -/-mice were deep-frozen and the tissue was cut in a cryostat to 14 µm thick sections that were mounted on glass-slides. Sections were rehydrated (PBS) and fixed in Dent´s fixative (1 part DMSO, 4 parts MeOH). Permeabilization and blocking of unspecific binding sites was achieved with 10% ChemiBLOCKER (Millipore) and 0.3% Triton X-100 in PBS. The slices were incubated overnight with the anti-HCN3 antibody (1:2000 in PBS, 5% ChemiBlocker, 4 °C). Endogenous peroxidase activity was quenched (3% H 2 O 2 in PBS, 10 min) before incubation with the secondary antibody (peroxidase-conjugated donkey anti-rabbit, 1:1000, Jackson Immunoresearch, USA) in combination with Cy-3 tyramide signal amplification (TSA Plus Cy-3 System, Perkin Elmer). Sections were mounted with aqueous mounting medium (PermaFluor, Beckman-Coulter, USA) and analyzed using an epifluorescence microscope (Axioskop 2; FluoArc, Zeiss) equipped with a CCD camera (MRc; Zeiss).
Telemetric ECG recordings in mice
All animal studies were carried out according to the Guide for the Care and Use of Laboratory Animals as published by the US National Institutes of Health and were approved by the local regulatory authority (Regierung von Oberbayern). Mice were housed in single cages in a 12 hour darklight-cycle environment with free access to food and water. Male littermates (9 WT and 9 KO mice) were anaesthetized with Isoflurane/O2 and radiotelemetric ECG transmitters (TA10EA-F20, Data Sciences International, USA) were implanted into the intraperitoneal cavity. The ECG leads were sutured subcutaneously onto the upper right chest muscle and the upper left abdominal wall muscle, approximately representing ECG lead II. The animals were allowed to recover for 4 weeks before ECG measurements started. The analog telemetric signals were digitized at 1 kHz and recorded by Dataquest A.R.T. data acquisition software (Data Sciences International). Data were sampled for 20 seconds every 30 minutes in freely moving animals. Representative 20 second intervals were analyzed offline using Ponemah ECG analysis software (Data Sciences International). The average heart rate during representative 20 second intervals was 460±12 bpm for the low and 600±10 bpm for the high heart rate. ECG Parameters were measured semi-automatically and subsequently confirmed by a scientist blinded to the genotype. The definitions of the ECG intervals are (Fig. 2B) : PQ: beginning of P to peak of Q; QRS: peak of Q to end of S; QTp: peak of Q to peak of T; QT: peak of Q to end of T; ST: peak of S to end of T; Tpe (T peak -T end ): peak of T to end of T. We used the following ECG landmarks for the determination of the T-wave: T peak : peak of the T-wave is defined as the first positive deflection after the QRS complex. T end is defined as the return of any T deviation to the isoelectric line. The T wave amplitude was normalized to the R wave amplitude (normalized T-wave amplitude). To assure absolutely correct determination of the parameters we used double blind evaluation of the ECGs by three independent scientists (authors RM, JS and AS).
Preparation of Cardiomyocytes 8 -10 weeks old mice were anaesthetized and sacrificed by cervival dislocation. The hearts were removed and perfused retrogradely for 5 minutes through the aorta with a Langendorff apparatus at 37°C (1.5-2 ml/min) with nominally calcium-free Perfusion Buffer containing (in mM): 113 NaCl, 4.7 KCl, 0.6 KH 2 PO 4 , 0.6 Na 2 HPO 4 , 1.2 MgSO 4 , 0.032 phenol red, 12 NaHCO 3 , 10 KHCO 3 , 10 HEPES, 30 taurine, 5.5 glucose and 10 BDM (2,3-Butanedione monoxime). pH was adjusted to 7.4. This step was followed by 25 minutes of perfusion with Digestion Buffer (Perfusion Buffer with added 1 mg/ml Collagenase B (Roche) and 12.5 µM CaCl 2 ). Following digestion, the tissue still had its anatomic structure, so that identified regions of the myocardial wall could be sampled. The leftventricular subepicardial and subendocardial myocytes were carefully dissected and placed in 1 ml Digestion Buffer for additional 5 minutes (throughout the paper we will refer to subepicardial and subendocardial myocytes as Epi and Endo). After digestion 1 ml Myocyte Stop1 buffer (Perfusion Buffer with added 10% FBS and 12.5 µM CaCl 2 ) was added. Myocytes were mechanically dispersed with a 10 ml disposable pipette. After 1 minute of centrifugation at 100xg Myocyte Stop 1 buffer was removed and 2 ml of Myocyte Stop 2 buffer (Perfusion Buffer with added 5% FBS and 12.5 µM CaCl 2 ) was added.
Calcium was added stepwise to the solution until a final calcium concentration of 1 mM was reached. After an additional centrifugation step myocytes were resuspended in Cardiomyocyte Plating Medium (MEM supplemented with Hank's salts and L-glutamin and added 2% FBS, 0.1 mg/ml BSA and 2 mM L-glutamine), plated onto laminin-coated glass coverslips and were kept at 37°C, 2% CO 2 . Calciumtolerant, rod-shaped myocytes with clear striations were used for electrophysiological recordings on the day of the isolation ( Supplementary Fig. IIA and B) .
Electrophysiology
After myocyte isolation, ionic currrents and action potentials (APs) were recorded by using an Axopatch 200B amplifier and pclamp8 software (Axon Instruments). Analysis was done offline with origin6.1 software (Microcal). Patch pipettes were pulled from borosilicate glass, heat polished and had a resistance of 3-5 MΩ when filled with intracellular solution. For I Na recordings pipettes with a resistance of 1-2 MΩ were used and series resistance was compensated by ≥ 80 %. All experiments were performed at room temperature. The integrity of the cell and identity of I h was tested by applying 2 mM Cs + followed by a washout with extracellular solution which restored the original current amplitude. The I h amplitude was determined as the Cs + sensitive current. The current density was calculated as the amplitude divided by the cell capacitance. For the determination of steady state activation curves, 4 s step pulses were applied in 10 mV increments from -140 mV to -50 mV from a holding potential of -40 mV, followed by a 250 ms test pulse to -140 mV (interpulse interval: 10 s). To obtain voltage-dependent steady state activation curves, tail currents measured immediately after the final step to -140 mV were normalized by the maximal current (I max ) and plotted as a function of the preceding membrane potential. The curves were fitted with the Boltzmann function: (I -I min )/(I max -I min ) = (A 1 -A 2 )/(1 + e (V-V0.5)/k) ) + A 2 , where I min is an offset caused by a nonzero holding current and is not included in the current amplitude, V is the test potential, V 0.5 is the membrane potential for half-maximal activation, and k is the slope factor. MgATP, 10 EGTA, 10 HEPES, pH was adjusted to 7.4 with CsOH. The peak IV relationship was measured by applying 350 ms voltage pulses to potentials between -80 and +70 mV in 10 mV increments from a holding potential of -80 mV at 0.5 Hz. To obtain current densities, the peak current amplitude at V max was normalized to cell membrane capacitance (C m ).
I Na recordings. I Na was measured in ventricular myocytes as described in 5 by using the following extracellular solution (in mM): 5 NaCl, 110 CsCl, 15 TEA-Cl, 1.5 CaCl 2 , 1.2 MgCl 2 , 5 Glucose, 5 Sucrose, 10 HEPES, 5CoCl 2 , pH adjusted to 7.4 with CsOH. The intracellular solution contained (in mM): 124 CsAsp, 11 EGTA, 1 CaCl 2 , 2 MgCl 2 , 10 HEPES, 2.5 Na 2 ATP, pH was adjusted to 7.3 with CsOH. The peak IV relationship was measured by applying 500 ms voltage pulses to potentials between -120 and +10 mV in 5 mV increments from a holding potential of -100 mV at 0.5 Hz. To obtain current densities, the peak current amplitude at V max was normalized to cell membrane capacitance (C m MgATP, pH adjusted to 7.4 with KOH. The peak IV relationship was measured by applying 500 ms voltage pulses to potentials between -130 and +10 mV from a holding potential of -40 mV. Voltage steps were presented in 10 mV increments at 0.5 Hz. To obtain current densities, the peak current amplitude at V max was normalized to cell membrane capacitance (C m ).
AP recordings, estimation of the membrane resistance and the resting membrane potential. In the current-clamp experiments in the whole cell mode, action potentials were evoked by 2 ms suprathreshold current pulses (1.5 nA) at 0.5 Hz and recorded after reaching a steady-state. Cells were superfused with normal Tyrode's solution containing (in mM): 138 NaCl, 4 KCl, 1 CaCl 2 , 1 MgCl 2 , 5 EGTA, 10 glucose, 10 HEPES, pH adjusted to 7.2 with NaOH. The intracellular solution contained 120 DL-Aspartic acid potassium salt, 10 KCl, 5 NaCl, 2 MgCl 2 , 5 EGTA, 10 HEPES, pH adjusted to 7.2 with KOH. Action potential durations at 10% (APD10), 25% (APD25), 50% (APD50), 75% (APD75) and 90% (APD90) repolarization were measured directly from the action potential waveforms using origin6.1. For the determination of the resting membrane potential the perforatedpatch technique was used with the same solutions used for the AP recordings, except that Amphotericin B was added to the pipette solution in a concentration of 0.18 mg/ml.
For the estimation of the membrane resistance during the time course of the action potential, a protocol modified from [6] [7] [8] [9] was used ( Supplementary Fig. IV ). Action potentials were evoked at a frequency of 0.5 Hz and depolarizing current pulses were injected at different time points after the onset of the action potential in 10 or 100 pA steps. The amplitude and the duration of current injections were optimized to induce voltage displacements that could be reliably recorded and analyzed. In the early repolarization current pulses of small amplitude ranging from 0 to +50 pA (75 ms) did not induce any significant instantaneous voltage deflection ( Supplementary Fig. IVA) , indicating very low R m during early repolarization. Following a delay of several ms after the onset of current injection a voltage deflection could be seen in the late repolarization indicating a higher membrane resistance during late repolarization (Supplementary Fig. IVA) . To estimate membrane resistance in early repolarization, short depolarizing current pulses of larger amplitude ranging from 0 to +500 pA (duration 10 ms; Supplementary Fig. IVB) were applied. These current injections induced instantaneous voltage deflections of small amplitude that could be reliably measured. During late repolarization small amplitude depolarizing currents ranging from 0 to 50 pA were sufficient to induce significant and instantaneous voltage deflections, indicating very high R m during late repolarization. In a subset of experiments the duration of these current pulses were adjusted. Injection of long depolarizing pulses of 75 ms frequently induced action potentials. In this case, the duration of the current injections was reduced to 10 ms (Data not shown). A, Action potentials were evoked and depolarizing current pulses were injected at different time points after the onset of the action potential. In the early repolarization current pulses of small amplitude ranging from 0 to +50 pA did not induce any significant instantaneous voltage deflection (red arrow in A), indicating very low R m during early repolarization. Following a delay of several ms after the onset of current injection a voltage deflection could be seen in the late repolarization indicating a higher membrane resistance during late repolarization (A). To estimate membrane resistance in early repolarization, short depolarizing current pulses of larger amplitude ranging from 0 to 500 pA (duration 10 ms; B) were applied. These current injections induced instantaneous voltage deflection of small amplitude that could be reliably measured. During late repolarization small amplitude depolarizing currents ranging from 0 to 50 pA were sufficient to induce significant and instantaneous voltage deflections, indicating very high R m during late repolarization (C, D). E, Representative family of charging curves obtained from the action potentials shown in (D). The cell capacitance was 120 pF. Blue lines are monoexponential fitting curves according to eq. 1. F, Plot of R m versus voltages during repolarization for a representative cell. Inset: Average of R m during early repolarization (63.2 ± 14.0 MΩ at -11.2 ± 2.1 mV) and peak R m (1.8 ± 0.4 GΩ at -54.1 ± 2.4 mV) during late repolarization for n=7 cells.
